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OBJECf IVE — To determine whether immunocomplexes (ICs) containing advanced 
glycation end product (AGE)-LDL (AGE-LDL) and oxidized LDL (oxLDL) contrib- 
ute to the development of retinopathy over a 16-year period in subjects with type 1 
diabetes. 

RESEARCH DESIGN AND METHODS— Levels of AGE-LDL and oxLDL in ICs were 
measured in 517 patients of the Diabetes Control and Complications Trial/Epidemiology of 
Diabetes Interventions and Complications (DCCT/EDIC) cohort. Retinopathy was assessed by 
stereoscopic fundus photography. Cox proportional hazards models were used to assess the 
effect of AGE-LDL-ICs and oxLDL-ICs on retinopathy progression. 

RESULTS — In unadjusted models, higher baseline levels of AGE-LDL-ICs and oxLDL-ICs 
significantly predicted progression of diabetic retinopathy outcomes. After adjustment by 
study-design variables (treatment group, retinopathy cohort, duration of type 1 diabetes, and 
baseline albumin excretion rate [AER] , hemoglobin A lc (HbA lc ), and Early Treatment Diabetic 
Retinopathy Study [ETDRS] score), one SD increase in IC levels was associated with 47% 
(hazard ratio [HR] 1.47 [95% CI 1.19-1.81]; AGE-LDL-IC) and 45% (1.45 [1.17-1.80]; 
oxLDL-IC) increased risk of developing proliferative diabetic retinopathy (PDR) and 37% 
(1.37 [1.12-1.66]; to both ICs) increased risk of progressing to severe nonproliferative retinopathy. 
Analyses were stratified by retinopathy cohort because results differed between primary and sec- 
ondary cohorts. For AGE-LDL-ICs, HR for progression to PDR was 2.38 (95% CI 1 .30-4.34) in the 
primary cohort and attenuated in the secondary cohort (1.29 [1.03-1.62]). Similar results were 
observed for oxLDL-ICs. 

CONCLUSIONS — Increased levels of AGE-LDL and oxLDL in ICs are associated with 
increased risk for progression to advanced retinopathy in patients with type 1 diabetes, 
indicating that the antibody response to modified LDL plays a significant role in retinopathy 
progression. 
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Diabetic retinopathy is a major cause 
of vision loss in working-age adults 
(1) and affects the majority of peo- 
ple with type 1 diabetes at some stage of 
their lives (2). Established risk factors are 
long duration of diabetes, poor glycemic 
control, hypertension, dyslipidemia, smok- 
ing, and diabetic renal disease (3). In spite of 
this knowledge, diabetic retinopathy still oc- 
curs at an unacceptably high rate (4). Iden- 
tification of novel markers and mechanisms 
for its onset and progression will facilitate 
new preventive and therapeutic strategies. 

In people both with and without dia- 
betes, conventional "quantitative" measures 
of dyslipidemia (e.g., high LDL cholesterol 
or low HDL cholesterol) are associated 
with increased risk for atherosclerosis (5). 
Among subjects with diabetes, conven- 
tional lipid profiles are also associated 
with microvascular complications, includ- 
ing diabetic retinopathy (4). However the 
associations of plasma lipoprotein levels 
with diabetic retinopathy are less pro- 
nounced than for atherosclerosis, likely be- 
cause in the retina specialized barrier 
functions must break down before lipopro- 
tein-mediated effects become operative (6). 

In recent years, the importance of lipo- 
protein modification in the propagation of 
vascular damage has been recognized (7). 
Modifications including glycation, oxidation, 
and formation of advanced glycation end 
products (AGEs) are observed predominantly 
in extravasated lipoproteins and are enhanced 
in diabetes. These lipoprotein modifications 
are sufficient to elicit the synthesis of auto- 
antibodies that, in turn, lead to the formation 
of immunocomplexes (ICs) (8). 

Previous studies have focused on 
the effects of modified lipoproteins on 
atherosclerosis, but we have demonstrated 
that similar principles apply in diabetic reti- 
nopathy (6). Normally, the inner and outer 
blood retinal barriers prevent any extravasa- 
tion of plasma lipoproteins, a special property 
of the retina; however, in diabetes, damage to 
these barriers enables extravasation and sub- 
sequent lipoprotein modification. High levels 
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of modified forms of LDL in circulating ICs 
have been implicated as risk factors for ath- 
erosclerosis (9), but few studies have exam- 
ined their associations with diabetic 
retinopathy. In this study, we have exam- 
ined progression of retinopathy in the Dia- 
betes Control and Complications Trial/ 
Epidemiology of Diabetes Interventions 
and Complications (DCCT/EDIC) cohort 
of patients with type 1 diabetes, and we re- 
port a significant relationship between circu- 
lating levels of ICs containing AGE -LDL and 
oxidized LDL (oxLDL) and progression of 
diabetic retinopathy over a 16-year period. 

RESEARCH DESIGN AND 
METHODS 

Subjects 

This study was performed on a sub- 
group of 517 subjects from the DCCT/ 
EDIC cohort who had AGE-LDL and 
oxLDL measured in ICs isolated from 
samples obtained at entry into the DCCT 
study as well as Early Treatment Diabetic 
Retinopathy Study (ETDRS) scores per- 
formed throughout the DCCT/EDIC 
study. The original DCCT cohort included 
1,441 patients with type 1 diabetes, 13-39 
years of age, who were generally in good 
health and had 1-15 years of diabetes du- 
ration at study entry (10). Subjects in the 
primary prevention cohort were retinopa- 
thy free (ETDRS = 1), had diabetes for 1-5 
years, and had normal albumin excretion 
rates (AERs <40 mg/24 h). The subjects in 
the secondary intervention cohort had 
mild to moderate nonproliferative diabetic 
retinopathy (ETDRS = 2-9), diabetes for 
1-15 years, and AER <200 mg/24 h. 
Subjects were randomized to intensive 
or conventional diabetes therapy within 
each cohort. The entire DCCT cohort 
was randomized and followed for an av- 
erage of 6.5 years. In 1993, the interven- 
tional phase of the study was stopped, 
and in 1994, the observational phase 
of the study (EDIC phase) was initiated 
(11). EDIC was aimed at assessing the 
development of macrovascular disease 
in type 1 diabetes and the progression 
of microvascular disease. During the 
EDIC phase, all patients were under 
the care of their personal health care pro- 
vider and encouraged to practice inten- 
sive insulin therapy. At DCCT baseline 
(1983-1989), none of the patients had hy- 
pertension (defined as &140 [systolic] 
and/or >90 mmHg (diastolic) or dyslipidemia 
[defined as total cholesterol >200 and/or 
LDL >160 mg/dL]). 



Of the 1,441 DCCT participants, 905 
had blood collected for a substudy on 
biomarkers of vascular disease. From these 
905 subjects, 517 patients were selected for 
measurement of oxLDL and AGE-LDL in 
ICs. In the selection of these 517 patients, 
those with abnormal albuminuria, increased 
ETDRS score (&10), and elevated carotid 
atherosclerosis (&25% stenosis at a lesion) 
were oversampled (i.e., all available cases 
were sampled), resulting in 157 of the 517 
patients having one of these three end 
points and 361 of the patients having 
none of these end points. 

Serum samples were obtained after an 
overnight fast at entry into the DCCT study 
(between 1983 and 1989) and assayed at 
the time for hemoglobin A lc (HbA lc ), cre- 
atinine, and lipids, and aliquots were stored 
at — 70°C. The Institutional Review Board 
of all participating DCCT/EDIC centers 
approved the DCCT/EDIC study, and all 
participants provided written informed 
consent. 

Assessment of diabetic retinopathy 

During DCCT, diabetic retinopathy was 
assessed on each eye every 6 months in 
all patients. During EDIC, retinopathy 
was assessed in approximately one-quarter 
of the cohort during each follow-up year, 
and the entire cohort was assessed at EDIC 
years 4 and 10. Severity of retinopathy 
was determined using stereoscopic seven- 
field fundus photographs and graded ac- 
cording to the ETDRS protocol (12) using 
methods standardized by the DCCT/EDIC 
group (10). This study used the abbrevi- 
ated final version of the ETDRS scale of 
diabetic retinopathy severity (12), which 
provides a composite score on a scale of 
1-23 for both eyes on each subject. Reti- 
nopathy severity levels were defined as 
follows: ETDRS score 1-3 = none to min- 
imal retinopathy; ETDRS score 4-9 = mild 
to moderate nonproliferative retinopa- 
thy; and ETDRS score 10-23 = severe 
preproliferative and proliferative retinop- 
athy (13). Four predefined, primary reti- 
nal outcomes of interest were established 
for this study: J) time to develop prolif- 
erative diabetic retinopathy (PDR), 2) 
time to develop severe nonproliferative 
diabetic retinopathy (NPDR) (ETDRS 
score ^ 10), 3) time to clinically significant 
macular edema (CSME), and 4) time to 
significant progression of diabetic reti- 
nopathy beyond what was measured at 
DCCT baseline (defined as a three-step 
or greater increase in ETDRS from that 
obtained at DCCT baseline). Patients 
having any scatter laser photocoagulation 



performed during the study were in- 
cluded in the retinopathy groups, and pa- 
tients having focal laser photocoagulation 
were considered to have progressed to 
CSME. 

Measurement of AGE-LDL and 
oxLDL in isolated ICs 

Circulating ICs were precipitated from 
serum samples with 3.5% (weight/volume) 
polyethylene glycol 8000 and then fraction- 
ated by protein G affinity chromatography, 
thus separating the predominant IgG 
antibody from the modified LDL (14). 
The concentrations of oxLDL and AGE- 
LDL in the fractionated ICs were assayed 
with a capture assay developed in our 
laboratory using specific oxLDL and 
AGE-LDL antibodies, respectively (15). 
The assays were calibrated with modified 
forms of LDL prepared in our laboratory. 
The calibration of our oxLDL control has 
been described elsewhere (15). The AGE 
calibrator was a highly reactive AGE-LDL 
preparation of known protein concen- 
tration. The effect of long-term freezing 
at — 70°C was assessed and found to 
have no effect in the measurements 
performed. The levels of oxLDL and 
AGE-LDL in circulating ICs (oxLDL-ICs 
and AGE-LDL-ICs, respectively) were 
expressed as a function of the amount 
of apolipoprotein-B (apoB) contained in 
the ICs, and the final values were given 
as the concentrations per milliliter of 
serum. 

Other procedures 

At baseline, all DCCT participants com- 
pleted a physical examination, medical 
history, electrocardiogram, and labora- 
tory testing including serum creatinine 
and HbA lc (11,16). Lipid profiles and 
4-h urine collections for measurement 
of AER and creatinine clearance were 
also obtained. Covariates for the current 
analyses were obtained from DCCT 
baseline history, physical examination, 
and laboratory data (fasting lipids, renal 
function, and HbA lc ). The methodology 
used to perform the routine measure- 
ments used as conventional risk factors 
in this study were previously described 
(11,16). 

Statistical analysis 

The concentrations of AGE-LDL and 
oxLDL in ICs purified from serum sam- 
ples collected at DCCT baseline were 
used to determine whether increases in 
these ICs could predict elevated risk to 
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develop or induce accelerated progres- 
sion of retinopathy. Values of AGE-LDL- 
ICs and oxLDL-ICs were log transformed 
due to their non-normal distribution. Base- 
line demographic and clinical variables 
were stratified by retinopathy cohort (pri- 
mary prevention, retinopathy free vs. sec- 
ondary intervention, and mild-moderate 
baseline retinopathy) and levels of AGE- 
LDL-ICs at DCCT baseline (i.e., median 
split [±6.42 fjigAGE-LDLinapoB-IC/mL 
serum]). A two-sample Wilcoxon rank sum 
test was used to compare groups for ordinal/ 
continuous variables, whereas a Pearson 
X 2 test was used to compare categorical 
characteristics. Outcome event rates and 
their 95% CIs are presented as events per 
100 patient-years (17). 

Inverse probability-weighted Cox pro- 
portional hazards regression models (with 
95% CIs) were used to assess the effect of 
the modified LDL in ICs and of clinical and 
demographic variables on the risk of pro- 
gression of retinal disease in the presence of 
uneven sampling (i.e., oversampling of in- 
dividuals with possible complications, in- 
cluding albuminuria, retinopathy, and 
carotid atherosclerosis) (18). Study design- 
adjusted models accounted for DCCT 
treatment assignment, presence of base- 
line retinopathy, duration of diabetes, 
and baseline measures of AER, HbA lc , and 
ETDRS score. Recent evidence has shown a 
strong and consistent protective effect of 
hydroxymethylglutaryl-CoA reductase in- 
hibitors (statins) and ACE inhibitors on 
the risk of cardiovascular complications of 
diabetes and has also shown promise in re- 
ducing the risk of diabetic retinopathy pro- 
gression and the development of macular 
edema (19,20). In light of this, final models 
were additionally adjusted for effects of 
ACE/angiotensin receptor blocker (ARB) 
and lipid-lowering therapy (the use of these 
drugs increased as the DCCT/EDIC study 
progressed; as such, their use at any time 
leading up to an event or censor time [t] is 
entered into the model as time -varying co- 
variate). The final models were also ad- 
justed for the weighted mean study HbA lc , 
sex, smoking, and DCCT baseline mea- 
sures of HDL cholesterol, LDL cholesterol, 
triglycerides, systolic blood pressure, and 
age. Modifying effects of DCCT treatment 
group, sex, and baseline retinopathy sta- 
tus on the effect of the concentrations of 
AGE-LDL-ICs and oxLDL-ICs on time to 
events were also examined. The baseline 
for the time-to-event analysis was set as 
the date of DCCT randomization. 

All statistical analyses were performed 
using SAS System version 9.3 (SAS Institute, 



Cary, NC). A type I error rate was con- 
trolled for significance at 0.05 for all 
analyses. 

RESULTS 

Demographics and event rates 

The characteristics of the DCCT/EDIC sub- 
group studied in this analysis in = 517) 
were similar to those of the subgroup not 
included in the study (n = 924) (Supple- 
mentary Table 1). Baseline measures of 
height, weight, blood pressures (systolic 
and diastolic), and lipid profiles were sim- 
ilar. The DCCT baseline AER, HbA lc , and 
randomized treatment group assignment 
(standard or intensive therapy) were also 
similar. The only significant baseline differ- 
ence between the members of the subgroup 
studied and the remaining cohort was a 
higher likelihood for those included of be- 
longing to the secondary intervention co- 
hort (55.0 vs. 46.7%; P = 0.003). 

In both the primary prevention (ret- 
inopathy free at baseline) and secondary 
intervention (mild-moderate retinopathy 
at baseline) cohorts, LDL cholesterol lev- 
els were higher in patients in the upper 
half of the AGE-LDL-IC distribution ver- 
sus the lower (Table 1). In the primary 
prevention cohort, patients with levels 
of AGE-LDL-ICs in the upper half had 
slightly longer diabetes duration at DCCT 
entry and slightly higher total cholesterol 
levels and were more likely to be male than 
those with levels in the lower half. In con- 
trast, in the secondary cohort, there was a 
significant negative association between 
baseline IC level and HDL cholesterol lev- 
els. Additionally, in the secondary cohort, 
being in the upper versus lower half of the 
AGE-LDL-IC distribution at baseline was 
associated with increased use of statins or 
ACE inhibitors during EDIC. 

Of the 517 patients studied, 121 
(23.4%) progressed to PDR, 137 (26.5%) 
progressed to severe NPDR, 113 (21.9%) 
developed CSME, and 323 (62.5%) ex- 
perienced a three-step progression beyond 
their baseline ETDRS score (Supplemen- 
tary Table 2). The progression to PDR oc- 
curred at a lower rate in the primary versus 
secondary cohort (0.7 [95% CI 0.4-1.0] vs. 
2.4 [1.9-2.9] events per 100 person-years, 
respectively), as did the rate of progression 
to severe NPDR (0.8 [0.5-1.1] vs. 2.8 [2.3- 
3.3]) and to CSME (0.8 [0.6-1.2] vs. 2.1 
[1.7-2.6]). However, the rate of progression 
of the first three-step change was similar in 
the primary and secondary retinopathy co- 
horts (5.9 [5.0-6.9] and 6.2 [5.3-7.2] 
events per 100 person-years). 



In both the primary and secondary 
cohorts, the rates for progression to PDR 
(0.2 [0.1-0.5] vs. 1.3 [0.8-1.9]), progression 
to severe NPDR (0.3 [0.1-0.7] vs. 1.4 
[0.9-2.1]), development of CSME (0.5 
[0.3-0.9] vs. 1.3 [0.8-2.0]), and time to 
first three-step change (4.7 [3.8-6.0] vs. 7.6 
[6.1-9.6]) were lower in patients with low 
AGE-LDL-IC levels than in those with high 
levels (Supplementary Fig. 1). 

Levels of AGE-LDL in isolated ICs 

In unadjusted models of the whole sub- 
group, higher baseline levels of AGE-LDL- 
ICs were significantly associated with 
development of all the diabetic retinopathy 
outcomes assessed in the study. The sig- 
nificant association between AGE-LDL-ICs 
and retinopathy outcomes was maintained 
after adjustment for study design variables 
(Table 2). A change of one SD in AGE-LDL- 
ICs after log transformation (one SD = 
1 .138) was associated with a 47% increased 
risk of developing PDR (hazard ratio [HR] 
1.47 [95% CI 1.19-1.81]), 45% increased 
risk of progressing to severe NPDR (1.45 
[1.17-1.80]), 14% increased risk of a 
three-step or greater change in ETDRS score 
from DCCT baseline (1.14 [1.02-1.28]), 
and 21% increased risk of developing 
CSME (1.21 [0.99-1.48]). 

There was also a significant interaction 
between the subject's baseline retinopathy 
status (primary prevention vs. secondary 
intervention) and levels of AGE-LDL-ICs 
for both development of PDR (t 514 = 2.6; 
P = 0.01 1) and progression to severe NPDR 
(t 5 i 4 = 3.2; P = 0.001). Figure 1 illustrates 
the interaction between a subject's baseline 
retinopathy status and levels of AGE-LDL- 
ICs with cumulative incidence of PDR. Due 
to this interaction, the analysis was further 
stratified by the retinopathy status at base- 
line. In the primary prevention, higher 
baseline levels of AGE-LDL-ICs were signif- 
icantly associated with development of di- 
abetic retinopathy outcomes but not with 
the CSME. In the model adjusted by the 
study design variables (Table 2), one SD 
increase in log AGE-LDL-ICs was associ- 
ated with a more than twofold increase in 
risk of developing both PDR (HR 2.38 
[95% CI 1.30-4.34]) and progression to 
severe NPDR (2.26 [1.36-3.73]), and it 
was also moderately associated with an in- 
creased risk of a three-step or greater change 
in ETDRS score (1.18 [0.98-1.42]). When 
the final model was adjusted for other co- 
variates of interest, such as the effects of 
ACE/ARB treatment and statin use (time ad- 
justed), as well as the mean study HbA lc , 
the risk of each end point associated with 
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Table 1 — Demographics and clinical characteristics at DCCT baseline measurement^ 





Primary prevention cohort 




Secondary intervention cohort 






Low AGE-LDL-IC 


High AGE-LDL-IC 




Low AGE-LDL-IC 


High AGE-LDL-IC 




DCCT baseline characteristics 


(n= 131) 


(n = 102) 


P value 


(n = 126) 


(n = 156) 


P value 


Age (years) 


26.6 ± 7.1 


26.7 ± 


7.8 


0.795 


27.2 ± 6.5 


27.4 ± 7.1 


0.814 


Duration of diabetes (months) 


~% ~~f c\ _i_ ~\ a r\ 

27 .9 ± 14.0 


35.3 ± 


19.2 


0.002 


1 f\ A f~\ _1_ A A ~~7 

104.9 ± 44.7 


i m r _i_ a a c 

101.6 ± 44.5 


0.510 


BMI (kg/m 2 ) 


1 1 1 i —\ r\ 

23.2 ± 2.9 


28.3 ± 


2.8 


0.942 


1 -~) 1 1 — \ —7 

23.3 ± 2.7 


23.8 ± 3.0 


0.184 


Mean arterial pressure (mmHg) 


85.1 ± 8.3 


86.5 ± 


8.8 


0.164 


86.6 ± 9.1 


on f _i_ a a 

88.6 ± 8.4 


0.081 


Diastolic blood pressure (mmHg) 


71.4 ± 8.8 


72.5 ± 


9.0 


0.279 


73.3 ± 9.3 


74.6 ± 8.6 


0.156 




112.5 ± 10.4 


144.4 ± 


11.5 


0.209 


113.6 ± 11.1 


116.6 ± 11.7 


0.031 


AER (mg/24 h) 


11.0 ± 6.6 


12.4 ± 


11.3 


0.486 


17.7 ± 19.4 


22.1 ± 24.0 


0.039 


Serum creatinine (ng/mL) 


0.80 ± 0.15 


0.79 ± 


0.14 


0.368 


0.82 ± 0.16 


0.80 ± 0.15 


0.467 


Creatinine clearance (mL/min) 


i 1 a n _i_ *-\ /~~ -» 

124.8 ± 26.3 


130.0 ± 


28.7 


0.115 


125.2 ± 24.5 


129.4 ± 27.9 


0.178 


















Non-HDL cholesterol (serum, mg/dL) 


114.5 ± 31.8 


125.5 ± 


32.9 


0.010 


122.7 ± 29.5 


nil i _i_ 11 i 

132.1 ± 32.2 


0.016 


Triglycerides (serum, mg/dL) 


68.6 ± 27.7 


76.1 ± 


42.1 


0.229 


80.0 ± 32.7 


rl /I A i A IT T 

90.4 ± 45.7 


0.068 


HDL cholesterol (serum, mg/dL) 


52.9 ± 13.0 


51.6 ± 


12.9 


0.436 


51.7 ± 11.8 


46.9 ± 10.7 


<0.001 


LDL cholesterol (serum, mg/dL) 


100.8 ± 29.8 


110.2 ± 


30.2 


0.016 


i r\r n _i_ ~i r r\ 

106.8 ± 26.9 


~\ ~\ A ~l _1_ ID 1 

114.2 ± 28.3 


0.032 


HbA lc (%) 


c\ f A _i_ n /in 

8.64 ± 1.49 


8.95 ± 


1.87 


0.312 


n cir\ _i_ n c —I 

8.89 ± 1.57 


ri nn _i_ n r "t 

9.08 ± 1.63 


0.372 


ETDRS score 


1.0 ± 0.0 


1.0 ± 


0.0 




3.3 ± 1.3 


3.4 ± 1.4 


0.855 


Log AGE-LDL-IC 


n Qi + n 7« 


2.61 ± 


0.56 


<0.001 


n 74- + n si 


Z.Ol — U.Ol 


<0.001 




75 (57.3) 


43 (42.2) 


0.022 


54 (42.9) 


66 (42.3) 


0.926 


Married 


63 (48.1) 


53 (52.0) 


0.558 


65 (51.6) 


76 (48.7) 


0.612 


Male 


57 (43.5) 


61 (59.8) 


0.014 


62 (49.2) 


91 (58.3) 


0.126 


Current drinker 


23 (17.6) 


20 (19.6) 


0.689 


34 (27.0) 


25 (16.0) 


0.025 


Current smoker 


36 (27.5) 


22 (21 


.6) 


0.301 


19 (15.1) 


36 (23.1) 


0.092 


Caucasian 


126 (96.2) 


101 (99.0) 


0.235 


124 (98.4) 


149 (95.5) 


0.195 


Any ACE use (prior to event or censor) 


46 (35.1) 


42 (41.2) 






69 (44.2) 




Any statin use (prior to event or censor) 


39 (29.8) 


36 (35.3) 


0.371 


27 (21.4) 


51 (32.7) 


0.036 



tDemographics and clinical characteristics at the DCCT baseline measurement are noted as mean ± SD for continuous covariates and n (%) for categorical covariates. 
Data are stratified by DCCT baseline retinopathy cohort (primary prevention vs. secondary intervention) and compared between those with low and high levels of 
AGE-LDL-ICs at baseline (i.e., whole cohort median split [±6.42 p.g AGE LDL/apoB-IC/mL serum]). Continuous characteristics are compared using two-sided 
Wilcoxon rank sum test statistic, whereas categorical characteristics are compared using the usual Pearson x test statistic. *Experimental treatment group. The DCCT 
trial is a multicenter, randomized clinical trial designed to determine whether an intensive treatment regimen that was aimed at maintaining normal blood glucose 
concentrations affected the progression of vascular complications. Throughout DCCT, the experimental treatment group was under tight glucose control while the 
standard treatment group was under usual care. Boldface values indicate statistical significance. 



one SD increase in log AGE-LDL-ICs re- 
mained significant (Table 3). In the second- 
ary intervention cohort, after adjustment for 
the study design variables, higher baseline 
levels of AGE-LDL-ICs were significantly as- 
sociated with the development of PDR (1.29 
[1.03-1.62]) but they were not associated 
with any of the other outcomes (Table 2). 
After adjustment for additional covariates, 
including medications, the effects of AGE- 
LDL-ICs on progression of PDR, in the sec- 
ondary cohort, maintained significance 
(1.30 [1.04-1.62]) (Table 3). 

Levels of oxLDL in isolated ICs 

Unadjusted analysis of the subgroup 
showed that one SD increase in oxLDL-ICs 
was associated with a significant increase 
in the risk of developing each diabetic re- 
tinopathy outcome. After adjustment for 
study design variables (Table 2) , relationships 
between one SD change in oxLDL-ICs 
(one SD = 0.907) and progression to 



PDR and severe NPDR remained signifi- 
cant (HR 1.45 [95% CI 1.17-1.80] and 
1.38 [1.13-1.69], respectively). 

Similar to what was observed for AGE- 
LDL-ICs, the effect of oxLDL-ICs on the 
progression of both PDR and severe NPDR 
was different in the primary prevention and 
secondary intervention retinopathy co- 
horts (PDR £ 516 = 2.0, P = 0.048; severe 
NPDR £ 516 = 2.5, P = 0.013). In the primary 
cohort, the increase in oxLDL-ICs was as- 
sociated with an increased risk of develop- 
ing PDR progression (2.17 [1 .26-3 . 74] ) or 
severe NPDR (2.25 [1.36-3.71]) but not 
with a three-step change or with CSME 
(Table 2). When additionally adjusted for 
other covariates of interest, such as time- 
varying effects of ACE/ARB and statin use, 
as well as the mean study EtbAi c , the signif- 
icant risk increases associated with one SD 
increase in oxLDL-ICs in the primary pre- 
vention cohort remained stable and statisti- 
cally significant (Table 3). In the secondary 



intervention cohort, higher baseline lev- 
els of oxLDL-ICs were significantly asso- 
ciated with progression to PDR (1.29 
[1.00-1.66]) (Table 2) but not with any 
of the other retinopathy progression out- 
comes or CSME in the models adjusted 
by study design variables only or for 
study design and other covariates of interest 
(Table 3). 

Secondary covariates 

Additional risk factors associated with 
progression to PDR included DCCT 
treatment group (conventional vs. inten- 
sive, HR 2.89 [95% CI 1.80-4.63]) and 
baseline retinopathy cohort (secondary 
intervention cohort vs. primary preven- 
tion, 2.32 [1.28-4.22]). Additionally, 
there was an increased risk of retinal com- 
plications in patients with greater diabe- 
tes duration (1 year, 1.10 [1.03-1.17]) 
and increased HbAi c at baseline (1% in- 
crease, 1.41 [1.24-1.59]). As previously 
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Primary prevention Secondary intervention 





cohort (n = 


233) 


cohort (n = 


284) 


Overall (n = 


517) 


mLDL-IC/event 


Adjusted HR 


P value 


Adjusted HR* 


P value* 


Adjusted HR 


P value 


AGE LDL-IC 


PDR 


2.38 (1.30-4.34) 


0.005 


1.29 (1.03-1.62) 


0.025 


1.47 (1.19-1.81) 


<0.001 


Severe diabetic retinopathy 


2.26 (1.36-3.73) 


0.001 


1.14 (0.95-1.37) 


0.165 


1.37 (1.12-1.66) 


0.002 


Three-step or greater change in 














CSME 


1.23 (0.77-1.96) 


0.379 


1.08 (0.87-1.34) 


0.500 


1.21 (0.99-1.48) 


0.063 


oxLDL-IC 


PDR 


2.17 (1.26-3.74) 


0.006 


1.29 (1.00-1.66) 


0.049 


1.45 (1.17-1.80) 


<0.001 




2.25 (1.36-3.71) 


0.002 


1.17 (0.94-1.47) 


0.169 


1.38 (1.13-1.69) 


0.002 


Three-step or greater change in 
ETDRS score 


1.03 (0.83-1.27) 


0.806 


1.06 (0.90-1.25) 


0.498 


1.08 (0.95-1.23) 


0.247 


CSME 


1.34 (0.69-2.60) 


0.389 


1.09 (0.87-1.37) 


0.457 


1.22 (0.99-1.51) 


0.066 



All subjects in the primary prevention cohort have baseline ETDRS scores of 1. 'Results are shown adjusted for study design variables (DCCT treatment group, 
baseline retinopathy cohort, baseline measures of duration of diabetes, ETDRS score, AER, and HbA lc %). tIP-weighted Cox proportional hazards regression models 
of risk of progression to PDR, progression to severe nonproliferative retinopathy, three-step change in ETDRS from DCCT baseline, and development of CSME after 16 
years of follow-up for one SD change in modified LDL (mLDL)-ICs. Data are shown as the adjusted hazard for one SD unit change in AGE-LDL-ICs and oxLDL-ICs 
with associated 95% CI. 



reported (2 1) , an increase in the weighted 
mean study HbA lc was also significant- 
ly associated with an increased risk of 
progression to PDR (1% increase, 2.17 
[1.82-2.57]). 

CONCLUSIONS— The effect of hy- 
perlipidemia, as well as the importance 
of oxidative stress and modified lipopro- 
teins, mainly AGE-LDL, in the develop- 
ment of retinopathy is well established 
(2-4,6,13,22,23). The possible involve- 
ment of ICs in the pathogenesis of dia- 
betic retinopathy has also been suggested 
by several groups (24,25). The data presen- 
ted in this study show that higher baseline 
AGE-LDL and oxLDL levels in ICs were 
significantly associated with all the out- 
comes related to progression of retinopa- 
thy. After adjustment by study design 
variables and conventional risk factors, 
the significant relationship between high 
levels of AGE-LDL-ICs and oxLDL-ICs 
and progression to PDR as well as progres- 
sion to severe NPDR was maintained in the 
primary prevention cohort. 

At baseline, the subgroup used in our 
study was quite similar to the whole cohort. 
However there was a greater prevalence of 
patients belonging to the secondary pre- 
vention cohort in the subgroup studied 
than in the subgroup not included in the 
study. Some associations between con- 
ventional risk factors and oxLDL-ICs and 
AGE-LDL-ICs were observed at baseline, 
including higher levels of total cholesterol, 
triglycerides, and LDL cholesterol in patients 



with high levels of oxLDL and AGE-LDL in 
ICs, and an inverse correlation between the 
concentrations of AGE-LDL and oxLDL in 
ICs and HDL cholesterol, which suggests 
that low HDL cholesterol may be associated 
with increased oxidative stress and there- 
fore contributes to high levels of modified 
lipoproteins and IC formation. Men also 
had higher levels of modified LDL in ICs at 
baseline. It is noteworthy that although the 
levels of total cholesterol, triglycerides, and 
LDL are increased in patients with high 
levels of ICs, the levels are still within "nor- 
mal" limits, and therefore their usefulness 
to identify patients at high risk to develop 
retinopathy is quite limited. 

To increase the statistical power, avail- 
able participants with possible complica- 
tions (albuminuria, retinopathy, or carotid 
atherosclerosis) were oversampled. To over- 
come this selection bias, inverse sampling 
probability-weighted analysis techniques 
were used in all parameter estimation 
models. Additionally, all analyses were 
controlled or stratified by baseline markers 
of diabetes severity (i.e., DCCT retinopathy 
status, diabetes duration, and HbA lc ) and 
albuminuria. Additionally, we determined 
that DCCT treatment group was not acting 
as an effect modifier of associations of in- 
terest, thus indicating that the predictive 
ability of ICs was similar across different 
DCCT treatment groups. However, resid- 
ual confounding may still be present in the 
analysis. 

The deposition of AGE-modified 
proteins starts very early in the evolution 



of diabetes (26), and perhaps as a conse- 
quence of local oxidative stress, oxidized 
proteins are also generated and colocalize 
with AGE-modified proteins in the retina 
of patients with diabetic retinopathy (27). 
Among all the modified proteins that can 
emerge as a consequence of glycoxidation 
and lipid peroxidation, LDL seems to be 
particularly important. As increased per- 
meability in retinal vessels develops in 
early retinopathy, oxLDL and AGE-LDL 
IgG antibodies can diffuse to the extra- 
vascular space, thus favoring the forma- 
tion of proinflammatory ICs in the vessel 
walls in the retina; indeed we have shown 
that oxLDL-ICs are present in diabetic 
retina but not in normal retina (28). Also, 
recent in vitro work has shown that 
oxLDL-ICs lead to pericyte loss, one of the 
initial steps in the development of reti- 
nopathy. Interestingly, through engage- 
ment of Fc7 receptor I, oxLDL-ICs are 
able to induce oxidative stress, mito- 
chondrial dysfunction, and apoptosis 
in retinal pericytes (29). 

Although the incidence of PDR, severe 
retinopathy, and maculopathy is higher in 
the secondary intervention cohort, in- 
creased levels of both AGE-LDL-ICs and 
oxLDL-ICs are stronger predictors of PDR 
and severe NPDR in the primary preven- 
tion cohort than in the secondary interven- 
tion cohort. In contrast, the predictive 
value of AGE-LDL-ICs and oxLDL-ICs for 
the first three-step changes in ETDRS was 
similar in the primary and secondary co- 
horts. These findings provide evidence and 
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Figure 1 — Cumulative incidence of progression to PDR by baseline high/low AGE-LDL-IC levels 
(median split: ±6.42 AGE-LDL-IC fig apoB/mL serum) (A) as well as stratified for the primary 
prevention cohort (B) and secondary intervention cohort (C). 



support the hypothesis that oxLDL and 
AGE-LDL-containing ICs are causally re- 
lated with the development of retinopathy. 

Much of the retinal damage that char- 
acterized diabetic retinopathy results 
from endothelial cell damage, retina vas- 
cular leakage, and lack of perfusion. 
These processes are known to begin well 
before any clinical evidence of retinop- 
athy is detected (30-32). Increased vas- 
cular leakage, lack of perfusion, and 
endothelial cell dysfunction are associ- 
ated with increased retinal leukostasis, 
mediated by increased expression of in- 
tracellular adhesion molecule 1 and 
CD 18 (31,33). Leukocyte adhesion to the 
diabetic vascular endothelium can promote 
endothelial apoptosis through a Fas/FasL 
mechanism (31). Interestingly some stud- 
ies have shown that alterations in the 
leukocyte-endothelial interaction may be 
responsible for pericyte loss (30), one of 
the earliest changes in the diabetic retina. 

AGE-LDL and oxLDL-containing ICs 
are likely to play a role in enhancing retinal 
leukostasis. ICs prepared with human 
oxLDL and the human antibodies are 
known to strongly activate macrophages, 
leading to the release of a variety of prod- 
ucts, including cytokines and matrix 
metalloproteinases (34-36). Since the in- 
teraction between oxLDL-ICs and macro- 
phages is associated with Fey receptor 
ligation (35,37), similar effects are to be ex- 
pected with ICs prepared with human 
AGE-LDL and the corresponding antibod- 
ies. Interleukin-ip, tumor necrosis factor, 
and interleukin-6 are among the cytokines 
released (35,36). These cytokines are 
known to activate endothelial cells, leading 
to increased expression of intracellular ad- 
hesion molecule 1 and endothelial leuko- 
cyte adhesion molecule 1 (E-selectin) (38). 

Other possible mechanisms by which 
oxLDL and AGE-LDL-containing ICs 
may contribute to the changes observed 
in diabetic retinopathy include stimula- 
tion of growth factors, like vascular endo- 
thelial growth factor, and production of 
matrix proteins, thus leading to thicken- 
ing of the retinal vascular basement 
membrane, a well-known characteristic 
of diabetic retinopathy. Macrophages, 
when exposed to oxLDL-ICs, have been 
shown to express increased levels of anti- 
apoptotic and proliferation-inducing 
genes (39). Recently we have shown 
that oxLDL-ICs are able to stimulate the 
production of collagen IV by mesangial 
cells (40) as well as other matrix proteins, 
integrins, and growth factors (data not 
published). 
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Table 3 — Study design plus other covariate-adjusted* HRs associated with one SD increase in modified LDL-ICsf 



Primary prevention Secondary intervention 





cohort (n = 


233) 


cohort (n = 


284) 


Overall (n 


= 517) 


mLDL/event 


Adjusted HR 


P value 


Adjusted HR* 


P value* 


Adjusted HR*f 


P value *t 


AGE-LDL-IC 


PDR 


2.38 (1.07-5.34) 


0.035 


1.30 (1.04-1.62) 


0.021 


1.40 (1.15-1.70) 


<0.001 


Severe diabetic retinopathy 


2.35 (1.33-4.17) 


0.004 


1.15 (0.95-1.39) 


0.144 


1.25 (1.05-1.49) 


0.012 


Three-step or greater change in 


CSME 


1.06 (0.69-1.62) 


0.784 


1.28 (0.96-1.71) 


0.093 


1.23 (0.98-1.55) 


0.075 


oxLDL-IC 


PDR 


2.17 (1.19-3.98) 


0.012 


1.17 (0.89-1.54) 


0.265 


1.29 (1.01-1.64) 


0.041 


Severe diabetic retinopathy 


2.07 (1.26-3.40) 


0.004 


1.06 (0.84-1.35) 


0.611 


1.17 (0.95-1.44) 


0.143 


Three-step or greater change in 
ETDRS score 


1.08 (0.86-1.36) 


0.508 


1.02 (0.86-1.21) 


0.848 


1.07 (0.94-1.22) 


0.310 


CSME 


1.23 (0.74-2.05) 


0.416 


1.11 (0.84-1.48) 


0.454 


1.19 (0.95-1.48) 


0.131 



All subjects in the primary prevention cohort have baseline ETDRS scores of 1. 'Results are shown adjusted for study design variables (DCCT treatment group, 
baseline retinopathy cohort, baseline measures of duration of diabetes, ETDRS score, and AER), time-varying covariates (ACE inhibitor and/or ARB therapy, lipid- 
lowering therapy, and study-year weighted HbA lc %), and other significant covariates of interest (baseline measures of HDL, LDL, triglycerides, systolic blood 
pressure, sex, smoking status, and age). tIP-weighted Cox proportional hazards regression models of risk of progression to PDR, progression to severe non- 
proliferative retinopathy, three-step change in ETDRS from DCCT baseline, and development of CSME after 1 6 years of follow-up for one SD change in modified LDL 
(mLDL)-ICs. Data are shown as the adjusted hazard for one SD unit change in AGE-LDL-ICs and oxLDL-ICs with associated 95% CI. 



Further studies are needed to clearly 
detail the pathogenic mechanisms by 
which ICs containing AGE-LDL and oxLDL 
contribute to the development of diabetic 
retinopathy, but the current study provides 
strong clinical evidence that a link may 
likely exist between their formation and/or 
deposition in the retina and the accelerated 
progression to retinopathy in patients with 
type 1 diabetes. 
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